The changes of the cyclic resistance of two silty sands under unsaturated, partially saturated and fully saturated conditions are examined based on a series of undrained cyclic tests conducted using triaxial test apparatus specially equipped for testing unsaturated soils as well as ordinary triaxial test apparatus for testing partially saturated and fully saturated soils. Based on the observations of volumetric strain, pore air and pore water pressures of unsaturated soil specimens, the possibility of soil liquefaction triggering under different degrees of saturation is examined and discussed. The changes in the cyclic resistance under different degrees of saturation are then examined. Those two unsaturated silty sands with different grain size compositions are found to give rise to different responses on the volumetric strain as well as pore air and pore water pressure developments during undrained cyclic loading, leading to different relations between cyclic resistance and degree of saturation, covering unsaturated, partially saturated and fully saturated conditions.
Introduction
In evaluating the possibility of soil liquefaction triggering during earthquakes, any soil layers located above a groundwater table are generally assumed as non-liquefiable. Located above a groundwater table are unsaturated soil layers, where field measurements using tensiometers revealed that negative pore water pressures were observed in many geotechnical engineering applications, (Fredlund and Rahardjo, 1993 and others) .
It is also known that partially saturated soil layers containing some minute air bubbles are located down to approximately 5 m below a groundwater table. This is evident from the results of velocity logging tests that the velocity of primary wave propagation frequently stays at around V p ¼ 500 to 1000 m/sec at such soil layers, which is well below the value of V p ¼ 1600 m/sec for fully saturated conditions. The liquefaction resistance and undrained shear strength of partially saturated sands have been well examined, (Tsukamoto et al., 2002 , Yang, 2002 , Yang, 2004 , Kamata et al., 2009 .
The most recent research efforts on the liquefaction of saturated sands include the effects of initial static shear applications on the subsequent liquefaction accompanying large deformation of soils, (Chiaro et al., 2012 (Chiaro et al., , 2013 . With respect to mechanics of unsaturated soil behaviour, Higo et al. (2013) had a close look at localized deformation developed within partially saturated sand subjected to triaxial compression, by using microfocus X-ray CT with digital image correlation.
The Japanese Geotechnical Society www.sciencedirect.com journal homepage: www.elsevier.com/locate/sandf Ishikawa et al. (2014) introduced a newly developed mediumsize triaxial apparatus using a pressure membrane method that enables installations of water supply and drainage paths on both sides of soil specimens. It proved to be effective in reducing testing time for unsaturated soil specimens.
The liquefaction resistance of unsaturated sand has also drawn attention recently and was examined in detail by Unno et al. (2008) . In their study, the possibility of soil liquefaction triggering in unsaturated clean fine sand was discussed in relation to the developments of pore air and pore water pressures as well as volumetric strain, and it was concluded that even when the degree of saturation is small, the pore air and pore water pressures develop to become equal to the initial confining stress during cyclic loading, which they defined as the occurrence of soil liquefaction in unsaturated soils. In addition, following 2011 off the Pacific coast of Tohoku Earthquake, ground improvements such as lowering of groundwater tables and injection of air bubbles have been suggested as a way to counter soil liquefaction, especially in residential developments. Therefore, more research efforts need to be devoted towards exploring the liquefaction resistance of unsaturated soils. The aim of the present study is to examine the cyclic resistance of two silty sands with different grain compositions under unsaturated, partially saturated and fully saturated conditions by conducting multiple series of undrained cyclic triaxial tests.
Saturation in soils
In this study, the soil conditions are described using the terminology "unsaturated", "partially saturated" and "fully saturated". Apart from these ordinary categories describing the degree of saturation, another category, "gassy sands", has been introduced for marine deposits, (Grozic et al., 1999 (Grozic et al., , 2000 . The distinction of unsaturated and saturated conditions was illustrated by Fredlund and Rahardjo (1993) . The distinctions of "unsaturated", "partially saturated" and "fully saturated" conditions can be made as shown in Fig. 1 . In Fig. 1 , the distributions of pore air and pore water pressure with depth are shown. At a soil layer located well above a groundwater table, large matric suction comes into effect due to the surface tension developed at the pore air and pore water interfaces within soil structures, where matric suction S u is defined as the difference between the pore air and pore water pressures, S u ¼ u a À u w . The surface tension tends to interact with soil structures, and this affects the mobilisation of shear strength. In this unsaturated soil layer, there are some continuous air phases within soil structures. With increasing depth, as the soil undergoes some increase in the confining stress σ o , the pore air and pore water pressures also increases. The rates of such increases are defined by the pore pressure coefficients, B a ¼ du a /dσ o and B w ¼ du w /dσ o . In the absence of soil aggregates, these coefficients are equal to 1. However, in the presence of soil aggregates, these coefficients are lower than 1 due to the surface tension. The pore water pressure tends to increase faster than the pore air pressure in response to the increase in the confining stress, and the matric suction gradually reduces. The continuous air phases within soil structures consequently tend to diminish, and instead the occluded air bubbles become predominant. This transition is most likely to occur above a groundwater table, when the air entry value of the soil is met along the relation between matric suction and degree of saturation. While the occluded air bubbles do not interact with soil structure, they do affect the compressibility of pore fluids. At some point the matric suction becomes negligible, which makes the two pore pressure coefficients equal as B a % B w . However, the pore water pressure coefficient B w is lower than 1 due to the presence of occluded air bubbles. This assumption is impractical for silts and clays, but is fairly reasonable for sands. The pore water 
Testing details

Testing apparatus and procedure for unsaturated soils
In conventional triaxial tests for saturated soils, the effective stress state is given as σ o À u w , and the cell pressure σ o and pore water pressure u w (back pressure) are controlled separately. However, in determining the stress state in unsaturated soils, two components of stress state variables are necessary, (Fredlund and Rahardjo, 1993) . They are the net normal stress, σ n ¼ σ o À u a , and matric suction, u a À u w . In order to provide independent controls on these two stress state variables, the cell pressure σ o , pore air pressure u a and pore water pressure u w need to be regulated and monitored separately. In so doing, the triaxial testing apparatus and method for unsaturated soils have been well established ever since the filtering techniques for pore water and air intrusions were invented using ceramic disks and glass fibre filters. In the present study, the same technique is used in controlling the pore water and pore air pressures independently, as shown in Fig. 2 . A water-saturated ceramic disk with an air entry value of 100 kPa is mounted in the pedestal located at the bottom of soil specimens, and a couple of glass fibre filters are placed to cover the surface of small porous stones in the cap located at the top of soil specimens. The pore water pressure, u w , is therefore applied from the bottom of soil specimens through a pore water tube, and monitored by a pore water pressure transducer placed along the pore water tube. The pore air pressure, u a , is applied from the top of soil specimens through a pore air tube, and monitored by a pore air pressure transducer embedded within the cap. A solenoid valve is introduced along the pore air tube and placed next to the pore air pressure transducer. When the "pore air-undrained" condition is imposed to soil specimens, this solenoid valve is remotely closed to make the pore air tube connected to the top of soil specimens as short as possible, thus eliminating the effects of compressible air within a tube on the response of pore air pressure itself.
Another aspect of unsaturated soil testing techniques is the measurement of volume changes of unsaturated soil specimens occurring during shearing, since unsaturated soil specimens containing compressible pore air can cause substantial volume changes during shearing, even when the undrained condition for pore water as well as pore air is imposed. In the present study, the combination of an inner cell and a differential pressure transducer is introduced to monitor the volume change of a soil specimen placed inside the inner cell. The use of an inner cell and a differential pressure transducer has been adopted for unsaturated triaxial tests by Sawada et al. (2006) and Unno et al. (2008) . When any volume change of a soil specimen occurs, the water level inside the inner cell changes accordingly, while the water level of an outer cell remains the same. The difference in the water levels of the inner and outer cells is then monitored by a differential pressure transducer, which can be converted to the volume change of a soil specimen.
There can be two ways in conducting undrained triaxial tests on unsaturated soils. One is to shut the valve for pore water and to leave the valve for pore air open, corresponding to the "pore water-undrained and pore air-drained" condition. This kind of triaxial compression tests was conducted previously by Kamata et al. (2007) , and their finding was that the matric suction can be reduced during triaxial compression, though the effective stress, σ o À u w , does not reduce since the level of pore water pressure cannot exceed that of pore air pressure. Another way in conducting undrained triaxial tests on unsaturated soils is to shut both of the valves for pore water and pore air, corresponding to the "pore water-undrained and pore airundrained" condition. In the present study, multiple series of cyclic triaxial tests are conducted under the "pore waterundrained and pore air-undrained" condition.
The testing procedure consists of preparation of soil specimens, drained isotropic consolidation, and undrained cyclic tests. The triaxial soil specimens of 60 mm in diameter and 120 mm in height are prepared by the method of wet tamping. Upon assembling the cap and pedestal to soil specimens and making the inner and outer cells filled with water, the valve for pore water is closed and the valve for pore air is left opened. The cell pressure σ ο is then gradually increased and maintained at σ ο ¼ 50 kPa, leaving the pore water undrained and the pore air drained at an atmospheric pressure, (u a ¼ 0) during the cell pressure application. The initial matric suction S uo is slowly induced during the course of the above process. By remotely closing the solenoid valve for pore air, the undrained condition for pore air is imposed. Since both of the valves for pore water and pore air are closed, the "pore water-undrained and pore airundrained" condition is established, and cyclic stress is axially applied to soil specimens. The frequency of cyclic loading needs to be determined from various points of view. It needs to be slow enough to ensure the accuracy of measurements and also to allow any equilibrium among soil particles, pore water and pore air within unsaturated soils. However, it also needs to be fast enough to replicate field seismic events. In the present study, the frequency of cyclic loading is chosen as 0.05 Hz.
Soil samples and test series
Two soil materials are used in the present study, Inagi sand and Urayasu sand. Inagi sand is a silty sand with non-plastic fines, and was retrieved from the site of residential development in Inagi city. Urayasu sand is also a silty sand with nonplastic fines, and was retrieved as a sand boil at one of the liquefied areas in Urayasu city during 2011 Great East Japan Earthquake. The physical properties and grain size distributions of the soils are shown in Table 1 and Fig. 3 . In the present study, the densities of soil specimens are characterised by means of relative density D r , where the minimum and maximum void ratios were determined by the methods stipulated by Japanese Geotechnical Society (2009), though the use of JGS methods is restricted to the soils containing 5% or less fines of less than 0.075 mm in particle diameter.
By using these two soil samples, unsaturated soil specimens with different values of relative density D r and degree of saturation S r are prepared, and multiple series of cyclic tests are conducted under the "pore water-undrained and pore airundrained" condition, as shown in Table 2 . It was intended to produce soil specimens as loose as possible. However, it was very difficult to produce soil specimens with relative density lower than those shown in Table 2 from such finescontaining sands.
In addition to the test series on unsaturated soil specimens as described above, additional series of undrained cyclic tests were conducted on partially and fully saturated soil specimens by using an ordinary triaxial test apparatus, as shown in Table 3 . All the tests were carried out on soil specimens prepared by the method of wet tamping and isotropically consolidated to an effective confining stress of σ 0 o ¼ 100 kPa. In Table 3 , there are two methods denoted as "p-constant" and "σ o -constant" for conducting undrained cyclic triaxial tests on partially saturated sands. The advantages and procedure for conducting "p-constant" tests on partially saturated soils were demonstrated by Tsukamoto et al. (2002) , where the value of mean stress p is kept constant during undrained cyclic loading by adjusting the confining stress σ o in accordance with the change in the axial stress σ a . On the other hand, the confining stress σ o is kept constant during undrained cyclic loading in the "σ o -constant" tests. The use of these two methods only stems from availability of testing equipments, and is not intended to examine its consequence. Those tests are conducted to obtain good estimates of cyclic resistance of partially saturated sands, in order to make comparisons with those of unsaturated sands. (2009) and others. The pore water pressure coefficient of B-value is used to control the partial saturation of soil specimens. Since the relation of B-value and S r has been well investigated theoretically as well as experimentally, the value of S r for each of the tests is estimated.
Test results
Typical test results
Fig . 4 shows one of the test results on Inagi sand with D r ¼ 90% and S r ¼ 69% under the cyclic stress ratio of σ d / (2σ no )¼ 0.27, where σ d is the single amplitude of cyclic stress and σ no is the initial net stress achieved after drained isotropic consolidation, i.e. σ no ¼ 50 kPa. The plots of time history of axial stress σ a , confining stress σ o , pore air pressure u a and pore water pressure u w are shown in Fig. 4(a) . The pore air pressure u a and pore water pressure u w are responded to increase during undrained cyclic excitation. The major change was found to be in the net stress, σ n ¼ σ o À u a , and was observed as a gradual reduction, whereas only a minor change was noted in the matric suction, S u ¼ u a À u w . The plots of time history of volumetric strain ε v and axial strain ε a are shown in Fig. 4 (b). Significant volume contraction occurs during undrained cyclic excitation, with the cyclic amplitude of axial strain gradually increasing and eventually deviating towards extension at a later stage of the test. The stress path is indicated in the plots of net stress, σ n ¼ σ o À u a , against deviator stress, q ¼ σ a À σ o , as shown in Fig. 4(c) . It is seen in Fig. 4(c) that starting from the initial net stress of σ no ¼ 50 kPa, the net stress σ n gradually reduces during undrained cyclic excitation and the stress path eventually touches upon the failure envelope on the extension side. It is at this point that the rapid increase of axial strain is initiated towards extension, as clearly shown in the plots of axial strain ε a against deviator stress q in Fig. 4(d) . Herein, in Fig. 4(d) , the volume contraction and axial compression take positive values and the volume dilation and axial extension take negative values.
The same set of diagrams is shown in Fig. 5 for one of the test results on Urayasu sand with D r ¼ 70% and S r ¼ 67% conducted under σ d /(2σ no )¼ 0.51. The responses of pore air and pore water pressures against cyclic excitation can be clearly seen in Fig. 5(a) , though the significant increase of pore pressures seem not induced for Urayasu sand. On the other hand, it is seen in Fig. 5(b) that the development of axial strain ε a tends to deviate towards extension significantly, leaving the development of volumetric strain ε v almost equal to none on average. It appears from those data that since no significant residual volumetric strain develops for Urayasu sand, little development occurred with regard to residual pore air and pore water pressures. Without any significant developments in the pore air and pore water pressures during undrained cyclic excitation, the net stress would not reduce significantly, though the stress path begins to touch upon the failure envelope on the extension side under such a large value of the cyclic stress ratio, and the axial strain starts to develop progressively, as shown in Fig. 5(c) and (d) .
Evaluation of soil liquefaction triggering and cyclic resistance
Soil liquefaction triggering has long been one of the primary concerns for geotechnical engineering, though the consequence of soil liquefaction tends to cause more social and practical concerns. In estimating triggering of soil liquefaction for saturated sands, the pore water pressure buildup is one of the clear indications.
There are several ways to look at the triggering of soil liquefaction for unsaturated soils. Based on the data shown in Figs. 4 and 5, the most comprehensible way is to look at the reduction of net stress, σ n =σ o À u a , though it is also necessary to pay due attention to the change in the matric suction,
It was also demonstrated by Unno et al. (2008) that the development of volumetric strain can be used for estimating soil liquefaction triggering for unsaturated soils. Where it is possible to assume that the entire volume of pore air within a soil specimen could diminish, the maximum value of Fig. 5. Typical test results, (a) 
volumetric strain ε v,a is given as follows:
where e is the void ratio and S r is the degree of saturation. However, it was assumed by Unno et al. (2008) that at the onset of soil liquefaction for unsaturated soils, the pore air pressure rises and becomes equal to the confining stress, leading to the following equilibrium equation:
where V ao is the initial volume occupied by pore air and ΔV a is the volume change of unsaturated soil structures, while u ao_abs and σ o_abs are the initial pore air pressure and the confining stress, defined both in absolute pressures. By introducing the relations of ε v;l ¼ ΔV a =V o and V ao =V o ¼ eð1À SrÞ=ð1 þ eÞ, the above equation is rewritten and the liquefaction-inducing volumetric strain ε v,l can be determined as follows:
In the present study, the triaxial tests are conducted with u ao ¼ 0 kPa and σ o ¼ 50 kPa in gauge pressures. Therefore, the relation of ε v,l ¼ ε v,a /3 holds.
There is another issue associated with defining soil liquefaction triggering for unsaturated soils. In undrained cyclic tests on fully saturated sands, the full development of excess pore water pressure reaching the level of initial effective confining stress, in other words, the zero effective stress is considered as onset of soil liquefaction. The development of axial strain ε a would solely correspond to the development of shear strain γ and would not cause any development of volumetric strain ε v . The double amplitude axial strain of DAε a ¼ 5% is then used to determine the number of cycles necessary to cause soil liquefaction, which is equivalent to the double amplitude of shear strain of DAγ ¼ 7.5%, since the shear strain is defined as γ ¼ ε a À ε h and no volumetric strain is induced, ε v ¼ ε a þ 2ε h ¼ 0, where ε h is the lateral strain. On the other hand, in case of unsaturated sands, the development of excess pore water and pore air pressures reaching the level of initial effective confining stress was also used to categorise the occurrence of liquefaction in unsaturated sand, (Unno et al., 2008) . In case of unsaturated sands, the development of axial strain ε a would contribute to the developments of shear strain γ as well as volumetric strain ε v . The developments of shear strain as well as volumetric strain would surely contribute to the developments of excess pore water and pore air pressures. From the viewpoint of characterizing soil liquefaction triggering in terms of strain developments, one of the conceivable procedures is to use directly the value of DAγ ¼ 7.5%, instead of using DAε a ¼ 5%, by calculating the development of shear strain according to the expression as follows:
However, this procedure does not take the effects of volumetric strain into account, and was found to give rise to far larger numbers of cycles necessary to induce DAγ ¼ 7.5%, leading to highly unconservative values of cyclic resistance for unsaturated soils. In the present study, DAε a ¼ 5% is simply used to determine the number of cycles necessary to cause soil liquefaction. The value of cyclic stress ratio, σ d /(2σ no ), necessary to cause DAε a ¼ 5% at a number of cycles of N c ¼ 20 is then defined as the cyclic resistance ratio σ d,l /(2σ no ). Fig. 6 shows the plots of net stress reduction ratio against the initial degree of saturation for Inagi sand. Herein, the net stress reduction ratio r n is defined as follows:
Net stress reduction and suction
The value of r n5 is determined as the net stress reduction ratio, observed at DAε a ¼ 5%, and is extracted from the test results in the present study. It is seen in Fig. 6 that the net stress substantially reduces with increasing initial degree of saturation S ri , however, it seems to have not reached the level required to trigger soil liquefaction, at least not in the tested range of S r ¼ 40% to 70%. It is also necessary to look at the other component of stress state variables, the matric suction, which was described above. The values of initial suction and suction observed at DAε a ¼ 5%, S uo and S u5 , are plotted against degree of saturation S r , as shown in Fig. 7 . Herein, the values of S r at DAε a ¼ 5% are assumed to correspond to the residual degree of saturation attained after undrained cyclic excitation, and are therefore calculated by assuming the average values of volumetric strain ε v5 . There appear to be no significant changes Fig. 6 . Plots of Net stress reduction ratio observed at 5%DAε a , r n5 , against initial degree of saturation S ri , (Inagi sand). Fig. 7 . Plots of initial suction and suction observed at 5%DAε a , S uo & S u5 , against degree of saturation S r , (Inagi sand).
in the suction, while the changes in the degree of saturation seem more pronounced.
Figs. 8 and 9 show the same set of diagrams for Urayasu sand. The values of net stress reduction ratio are found to stay high in the range of S r =40% to 70% tested. This is expected from the detailed look at the results of Urayasu sand shown in Fig. 5 , as described above. It is also interesting to see that the values of suction induced in Urayasu sand are very low. This seems to contradict the fact that Urayasu sand contains more fines of less than 0.075 mm than Inagi sand. However, in terms of D 10 values, Inagi sand has a far smaller value than Urayasu sand, as shown in Table 1 . There have been some past studies examining the capillary effects on the small-strain modulus of unsaturated soils in relation to D 10 values, (Wu et al., 1984 and others) . Nevertheless, with only a limited number of data on the two silty sands, it would be inappropriate to extend the discussions to what the most relevant index parameters to reflect the extent of suction development within soil structures would be. Fig. 10 shows the plots of volumetric strain observed at DAε a ,¼ 5%, ε v5 , against the initial degree of saturation S ri for Inagi sand. Since the observed volumetric train oscillates during undrained cyclic excitation as shown in Fig. 4(b) , the maximum, average and minimum values are plotted. In some of the tests, the observed axial strain has not reached DAε a ,¼ 5%. In such cases, the values of volumetric strain Fig. 10 . Plots of volumetric strain observed at 5% DAε a , ε v5 , against initial degree of saturation S ri , (Inagi sand). are picked up from the last cycle of undrained cyclic excitation. In Fig. 10 , the threshold lines for the two limiting volumetric strains of ε v,l and ε v,a are also indicated. The maximum values of volumetric strain of ε v5 tend to exceed the limiting liquefaction-triggering volumetric strain of ε v,l at around S ri ¼ 70%. However, they stay far below the other limiting volumetric strain of ε v,a . This is clearly seen in Fig. 11 , where the ratios of ε v5 /ε v,l and ε v5 /ε v,a are plotted against the initial degree of saturation S ri . Figs. 12 and 13 show the same set of diagrams for Urayasu sand. All the observed values of volumetric strain of ε v5 stay well below the threshold lines of ε v,l , implying it is unlikely that soil liquefaction triggering will be observed in the range of S r =40 to 70% tested for Urayasu sand. This is consistent with the behaviour of net stress reduction ratio examined above. This difference in the volume contraction characteristics of the two unsaturated silty sands is likely to arise from the fact that the observed axial strain of Urayasu sand tends to deviate towards extension more progressively than that of Inagi sand, as shown in Figs. 4 and 5.
Volumetric strain
From the overall look at the results of net stress reduction ratio and volumetric strain as described above, it is unlikely that soil liquefaction is triggered in the range of degree of saturation less than S r =70%. It is therefore appropriate to estimate that the degree of saturation larger than S r =70% necessary for soil liquefaction triggering even for silty sands. However, in the present study the aim is to examine the overall relation between cyclic resistance and degree of saturation, and is not particularly intended to pursue a more detailed account of what occurs in the range larger than S r =70%.
Cyclic resistance
From the results of some of the unsaturated cyclic triaxial test series, the values of cyclic stress ratios, σ d / 2σ no , to cause DAε a =5% are plotted against number of cycles, N c , for Inagi sand and Urayasu sand, as shown in Figs. 14 and 15. In some of the tests shown in Figs. 14 and 15, the axial strain was not developed to achieve DAε a =5%. In such cases, the data points are included with the values of DAε a achieved. The cyclic resistance ratios are then determined as the cyclic stress ratios corresponding to the number of cycles, N c =20. Fig. 16 shows the plots of cyclic resistance ratios of σ d,l / (2σ no ) and σ d,l /(2σ 0 o ) against initial degree of saturation S ri for Inagi sand. Herein, the cyclic resistance ratio of σ d,l /(2σ no ) is defined for unsaturated soil tests, while σ d,l /(2σ 0 o ) is defined for partially and fully saturated soil tests. Cyclic resistance is found to reduce gradually with increasing degree of saturation, and tends to reduce rapidly when the value of S r reaches about 95%. The same plots for Urayasu sand are shown in Fig. 17 . The cyclic resistance tends to stay high to a value of S r ¼ 70%, and then tends to reduce gradually with increasing degree of saturation. The relations of cyclic resistance ratios and S ri for Inagi sand and Urayasu sand are compared as shown in Fig. 18 . The cyclic resistance of Urayasu sand is found generally larger than that of Inagi sand. This seems to be consistent with the difference in the behaviour of net stress reduction ratio and volumetric strain examined above. The difference in the cyclic resistance of the two silty sands is therefore strongly associated with the volume change characteristics during undrained cyclic excitation, resulting in the difference in the developments of pore air and pore water pressures. It is therefore appropriate to mention that those two silty sands with different grain size compositions exhibited different behaviours during undrained cyclic excitation, leading to different relations between the cyclic resistance and degree of saturation, though the cyclic resistance at unsaturated conditions is found to be remarkably larger than that at fully saturated conditions.
Conclusions
Multiple series of undrained cyclic triaxial tests were conducted on two silty sands under unsaturated, partially saturated and fully saturated conditions. The relationships between the cyclic resistance and degree of saturation were obtained for the two silty sands, and were discussed in relation to the net stress reduction and volumetric strain development. The two silty sands with different grain size compositions gave rise to different volume change characteristics during undrained cyclic excitation, resulting in a difference in the developments of pore air and pore water pressures. This led to a difference in the relationship between the cyclic resistance and the degree of saturation for the two silty sands.
